
Steady and Pulsating Flow of Cement Slurries

1

ChengchengTao,Ph.D.1, Eilis Rosenbaum, Ph.D.2, Barbara Kutchko, Ph.D.2.  and Mehrdad Massoudi, Ph.D.2

1 AssistantProfessor, SchoolofConstructionManagementTechnology, PurdueUniversity, tao133@purdue.edu

2 Research Scientist, National Energy Technology Laboratory

2022 NETL Multiphase Flow Science Workshop, August 2-3, 2022

mailto:tao133@purdue.edu


2

Challenges in Petroleum Industry

Photocredit: U.S.CoastGuard

Industrial Disaster: Deepwater Horizonexplosion

Location: Gulf of Mexico,Louisiana,UnitedStates

Data: April 20,2010

Death: 11

Injuries : 17

Problem:

ÅThe offshore oil rig Deepwater Horizon 
experienced GasMigration after 
cementing

ÅLead to loss of well control and/or blow 
outs

òthe Chief Councilõs team is certain that the 
Macondo cement failedó (Chief Counselõs 
Report, 2011, pgs95 ð96)

Tao, C., Rosenbaum, E., Kutchko, B. G., & Massoudi, M. (2021). A brief review of gas migration in oilwell cement slurries. Energies, 14(9), 2369.
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Well Cementing

ÁProcess of  placing a cement slurry in the annulus space between the 
well casing and the surroundingformations

ÁPrimary function is to provide zonal isolation.

ÁDesigned to have a hydrostatic pressure higher than formation pressure 
and lower than formation fracture pressure

Operation Environment

ÁHigh temperature& high pressure(200oC and 150 MPa in deep wells) 

ÁWeak or porous formations, corrosive fluids, formation gas

Problems
ÁGas migration into wellbore cement

ÁPermanent pathways can form

Objectives

ÁUnderstandingthe rheological propertiesof  cement in oil well 
applications

ÁComprehensive model for cement slurry

ÁImportant parameters that affect the rheology of  cement

ÁUnderstanding the process of  gasmigration in the hydratingcement

Background - Well Cementing

Tao, C., Rosenbaum, E., Kutchko, B. G., & Massoudi, M. (2021). A brief 

review of gas migration in oilwell cement slurries. Energies, 14(9), 2369.

http://www.bauchemie-tum.de/master-framework/data/dynamic/Image/tbz1e.gif

http://www.bauchemie-tum.de/master-framework/data/dynamic/Image/tbz1e.gif
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References:  http://www.drillingcontractor.org/ronald-sweatman-rs-consulting-well-cementing-operations-to-fill-knowledge-gap-for-engineers-rig-crews-34999, 
http://solutions.3m.com/3MContentRetrievalAPI/BlobServlet?lmd=1342615450000&locale=en_WW&assetType=MMM_Image&assetId=1319233769622&blobAttribute=ImageFile

Formation
Fluids 
Pressure

Cement
Hydrostatic

Pressure

Formation
Fracture 
Pressure

Formation

Casing

Casing

Cement 
Sheath

Tao, C., Rosenbaum, E., Kutchko, B. G., & Massoudi, M. (2021). A brief 

review of gas migration in oilwell cement slurries. Energies, 14(9), 2369.
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Well Cement Properties

Cement properties Value

Cement powder density 3.15 g/cm3

Cement slurry density 1.442 g/cm3

Cement particle size 0.1 to 100 ‘ά

Compressive strength 20 - 40 Mpa

Maximum solidconcentration 0.65

Reynolds number 2716-3971

Mineral phase Chemical formula Abbreviation Percentage

Tricalciumsilicate (Alite) Ca3SiO5 C3S 40-70%

Dicalciumsilicate (Belite) Ca2SiO4 C2S 15-45%

Tricalciumaluminate(Aluminate) Ca3Al2O6 C3A 1-15%

Tetracalciumaluminoferrite(Ferrite) Ca2AlO5, Ca2FeO5 C4AF 0-18%

Magnesium oxide (Periclase) MgO MgO 2%

Calcium Oxide(Freelime) CaO CaO 2%

H2 OH-

CementPhysicalProperties CementChemicalProperties

Tao, C., Kutchko, B., Rosenbaum, E, and Massoudi, M. (2020). A Review of Rheological Modeling of Cement Slurry in Oil Well Applications. Energies, 13 (3), 570.

Chakrabortyet al., 2016

Cross-section of a Cement Particle

Barron, 2012

CementHydrationProcess

Cement H2-rich water Rapiddissolutionof

cementcomponent

in water

Earlynucleationand

flocculationof

hydratedproduct

Earlydevelopment

of microstructure
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Rheolog ical Behavior of Non -Newtonian Fluids

Shear Thinning
(Pseudoplastic)

ωKetchup

ωViscosity decreases 
with increasingshear
rate

Shear Thickening
(Dilatant)

ωCornstarch and 
water mixture

ωViscosity increases 
with increasingshear
rate

Thixotropic 

ωYogurt

ωViscosity decreases 
with stress over time

Rheopectic

ωPrinterink

ωViscosity increases 
with stress over time

Tao, C., Kutchko, B., Rosenbaum, E, and Massoudi, M. (2020). A Review of Rheological Modeling of Cement Slurry in Oil Well Applications. Energies, 13 (3), 570.



7

Rheolog ical Behavior of Non -Newtonian Fluids

Shear Thinning
(Pseudoplastic)

ωKetchup

ωViscosity decreases 
with increasingshear
rate

Shear Thickening
(Dilatant)

ωCornstarch and 
water mixture

ωViscosity increases 
with increasingshear
rate

Thixotropic 

ωYogurt

ωViscosity decreases 
with stress over time
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Tao, C., Kutchko, B., Rosenbaum, E, and Massoudi, M. (2020). A Review of Rheological Modeling of Cement Slurry in Oil Well Applications. Energies, 13 (3), 570.

Constant shear rate
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Rheology of Cement Slurry

Rheology of cement slurry:
ÁViscosity depends on the shear rate, particle concentration,é
ÁCement has a yield stress
ÁCement shows thixotropic behavior

Goals:

Á Develop a comprehensive rheological model for cement slurry

Á Determine important parameters that affect rheological behavior

In house constitutive model for cement slurry

Tao, C., Kutchko, B., Rosenbaum, E, and Massoudi, M. (2020). A Review of Rheological Modeling of Cement Slurry in Oil Well Applications. Energies, 13 (3), 570.

Reviewof cementconstitutive models
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Viscousstress:

Yield stress:

Thixotropic behavior
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Volume fraction
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1D

╣ ╣ ╣◐Total stress:
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ÁConservation of mass

ὨὭὺ”○ π

”: density of cement slurry

○: velocity vector, ὨὭὺ○ πfor an isochoric motion

ÁConservation of linear momentum

”
○
ὨὭὺ╣ ”╫

ὨȾὨὸ: total time derivative, given by 
Ȣ Ȣ

ὫὶὥὨȢ○

╫: body force vector

╣: Cauchy stress tensor given by the constitutive equation

ÁConservation of angular momentum

╣ ╣╣

ÁConvection - diffusion equation

ὨὭὺ‰○ Æ

‰: volume fraction

f: diffusive particle flux

Mathematical Model -Governing Equations

╣ ὴ╘‘ ‰ȟ═ ═ ‌═ ‌═

Æ ÄÉÖ╝
╝ ╝╬ ╝Ⱨ ╝╫ ὥ ὑʟ​‎ʟ ὥ‰‎ὑ​ÌÎ‘ Ὀ​‰

Constitutive Relations

Tao,C., Kutchko, B., Rosenbaum,E., Wu, W., andMassoudi, M. (2019). ñSteadyFlow of a CementSlurryò. Energies,12, 13: 2604.
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I. For the viscous stress tensor ╣
╣ ╣ ╣

╣ : yield stress ïfuture work

╣ : viscous stress, which is dependent on shear rate, particle volume fraction, temperature, pressure, cement hydration, etc. 

A modified second grade (Rivlin-Ericksen) fluid modelis applied for viscous stress of cement slurry (Massoudi& Tran, 2016)

╣ ὴ╘ ‘ ‰ȟ═ ═ ‌═ ‌═ (5)

ὴ: pressure

‰: volume fraction

═▪: n-th order Rivlin-Ericksentensors

where ═ ​○ ​○ ═
═

═​○ ​○═

‌, ‌: normal stress coefficients

‘ : effective viscosity, which is dependent on volume fraction (Krieger 1959) and shear rate 

‘ ‰ȟ═ ‘ ρ
ᶫ
ᶫ

ρ ‌ÔÒ═

‘: viscosity of the cement slurry without particles; ‰ : maximum volume concentration of solids; ‍, ά: material parameters

Mathematical Model-Constitutive Relations

Tao,C., Kutchko, B., Rosenbaum,E., Wu, W., andMassoudi, M. (2019). ñSteadyFlow of a CementSlurryò. Energies,12, 13: 2604.
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II. For the diffusive particle flux f

Æ ÄÉÖ╝ (6)

╝: flux vector, related to the movement of the particles (Philips et al, 1992)

╝ ╝╬ ╝Ⱨ ╝╫ ὥ ὑʟ​‎ʟ ὥ‰‎ὑ​ÌÎ‘ Ὀ​‰

Ὀis the diffusion coefficient (diffusivity), which is the function of ‎and ʟ

Ὀ‎ȟ‰ –═ ɇὈ ὑ ὑ ρ ‰ ὑ ‰ ‰ Ὄ‰ ‰

(Bridges and Rajagopal2006; Garbocziand Bentz1992)

ὥ: particle radus; ὑ and ὑ : empirically coefficients; Ὀ : the diffusivity parameter

ὑ,ὑ and ὑ: fitting coefficients,Ὄ: Heaviside function, Ὄὼ ρfor ὼ π, Ὄὼ πfor ὼ π

Substitute two constitutive relations (5) (6) into convection-diffusion equation (4)

Mathematical Model - Constitutive Relations

particles collision spatially varying viscosity Brownian diffusive flux

Tao,C., Kutchko, B., Rosenbaum,E., Wu, W., andMassoudi, M. (2019). ñSteadyFlow of a CementSlurryò. Energies,12, 13: 2604.
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Cement Slurry Model

MODEL DESIGN

ÁConstitutive cement model ðcement flow at offshore 
wellbore conditions

ÁCement slurry modeled as non-Newtonian fluid

ÁViscosity depends on the shear rate and particle 
concentration

ÁStudy the impact of  parameters on behavior of  cement 
slurry

OUTCOMES

ÅParametric study results indicate that the following 
significantly affect the velocity and volume fraction:

ÁAngle of  inclination—

ÁMaximum packing fraction of  cement particles

ÁPressure andgravity terms

Example 1: Steady Flow of a Cement Slurry

Surface

Formation

Formation

Cement Slurry

Gravity

—

Schematicdiagram of cementslurry flow in an inclined channel

Tao,C., Kutchko, B., Rosenbaum,E., Wu, W., andMassoudi, M. (2019). ñSteadyFlow of a CementSlurryò. Energies,12, 13: 2604.
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Parametric Study
Effect of Inclination Angle, —
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Tao,C., Kutchko, B., Rosenbaum,E., Wu, W., andMassoudi, M. (2019). ñSteadyFlow of a CementSlurryò. Energies,12, 13: 2604.


